
Title 高大連携物理教育セミナー　基礎工学研究科研究室訪
問　報告

Author(s)

Citation 高大連携物理・化学教育セミナー報告書. 2018, 29

Version Type VoR

URL https://hdl.handle.net/11094/67774

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 

【研究室訪問】 

 

 

 

 

 

 

 

 

 

 



高大連携物理教育セミナー 基礎工学研究科研究室訪問 報告 

日時：２０１７年８月８日（火）10-12時 

場所：基礎工学研究科および基礎工学研究科付属極限センター 各研究室 

 

 高大連携物理教育セミナーにおける企画として、基礎工学研究科 物質創成専攻 物性系

（物性物理工学領域＋未来物質領域物性系）研究室訪問を行いました。これは基礎工学部

電子物理科学科物性物理科学コースの８研究室から２研究室を１研究室あたり４０分程度

の時間で訪問してもらい最先端の物性研究の説明・装置見学・簡単な実習などを行ってい

ただくものです。分野としては、物理の中でも物性物理と括られますが応用に近い内容か

ら基礎的な内容まで多岐にわたり、基礎的でも意外と応用に近い研究室もあります。キー

ワードとしては、超伝導・光物性・シンクロトロン放射光・構造物性・超高圧・計算物質

科学・量子情報等となりました。研究室見学先については、あらかじめ各研究室から提示

した簡単な内容紹介をまとめた要領を開催の案内と同時に送付・周知ししました。参加予

定の方から研究室訪問の前日までに第４希望程度までを書いていただいた調査票を提出い

ただいたうえで、世話人の関山がとりまとめて割り振り、８／８当日直前に各研究室に連

絡しました。今回１３名の方が参加しました。 

 当日は、まずセミナー会場であるシグマホールにて関山が基礎工学部物性コースの全体

説明（別添）を１５分程度で行いました。見学先の各研究室より引率者１名（教員、学生、

職員）に全体説明終了までにシグマホールに来てもらうよう手配しており、全体説明終了

後すぐに参加者は１回目見学先研究室への引率者のもとに集まって、そのまま見学先に向

かいました。参加者には関山が作成した基礎工建物内地図およびメンバー／時間割り振り

表を配布しておき、１回目見学先から２回目見学先への移動は原則１０分間の移動・休憩

時間中に参加者各自で行っていただきました。２回目の見学後現地解散（昼休み）と全体

説明の際にアナウンスし、各自解散されました。過去の反省を生かし、１→２回目の研究

室の移動については可能な範囲で関山が各研究室を回って案内・１回目見学先の先生にも

ご協力いただいて見学者の方を案内・指示いただくことで昨年までよりはスムーズな移動

ができたように思います。 

 参加された高校の先生方は概ね熱心に説明を聞き、実験装置に興味をもっていただけた

ようです。スライドでの説明後装置見学という研究室では、装置見学の方にむしろ熱心な

参加者もおられ、４０分では少し時間が足りないところもあったようですが、概ね適切な

時間配分だったのではないかと思っております。 

 



研究室訪問の様子 

  

     井元研（井元教授）           若林研（若林准教授） 

 

  

     草部研（草部准教授）           鈴木研（三輪准教授） 

 

  

     石原研（石原教授）          光圧捕捉のデモ機（石原研） 

 



  

     椋田研（椋田准教授）          関山研（木須准教授） 

 

この他に、清水研究室（基礎工学研究科科学センター）も参加して説明を行いました。 

ご協力頂いた先生方および参加された先生方、どうもありがとうございました。 
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To deal with spatially varying heterostructure systems,
we utilize an adiabatic approach. That is, as long as
there is a finite energy gap which separates the ground
state and the first excited states, the interface struc-
ture can be smoothly deformed to the slowly varying
one. In the slowly varying structure, the position op-
erator ẑ in the Hamiltonian can be treated as a parame-
ter (adiabatic parameter) independent of 3D momentum
k, which parametrizes the spatial inhomogeneity of the
heterostructure. Then, the magnetoelectric polarization
P3(z) is constructed from the adiabatic Hamiltonian of
the heterostructure system, H̃(k, z). H̃(k, z) interpolates
between the bulk Hamiltonian of the CS TI, H(k), and
that of the CSB trivial insulator, HCSB(k), when z is
varied; i.e. H̃(k, z) = H(k) when z is a point in the
bulk of the CS TI, and H̃(k, z) = HCSB(k) when z in the
bulk of the CSB trivial insulator. The adiabatic approach
was exploited before to derive electromagnetic responses
of the TRI Z2 TIs from the axion field theory [3, 14].
Our strategy is to extend the adiabatic argument for the
Z2 non-triviality to the Z nontrivial electromagnetic re-
sponses. We, first consider the quantum anomalous Hall
effect. We note that in the heterostructure junction sys-
tem, the anomalous Hall effect caused by surface Dirac
fermions is obtained by integrating z-direction under a
z-independent electromagnetic field,

Ssurf [A(t, x, y)]

=
e2

2π!c

(
∫ z1

z0,C

dz
dP3(z)

dz

)
∫

dtd2xϵµνρAµ∂νAρ.
(2)

Here z0 (z1) is a point in the CS TI (CSB trivial in-
sulator), and C is a path of z-integral. Hence the Hall
conductivity is given by,

σH =
e2

2π!

∫ z1

z0,C

dz
dP3(z)

dz
=

e2

h

∫ z1

z0,C

dP3(z). (3)

There are two important remarks. First, although the
magnetoelectric polarization P3 is gauge-invariant only
for mod 1, the line integral of a small difference of P3(z) is
fully gauge-invariant. Second, σH is determined not only
by the bulk magnetoelectric polarization at the point z0
and that at the point z1, but also by a homologous equiv-
alence class of the path C. This means that σH depends
on the microscopic structure of the interface, and is not
protected solely by the bulk topology. The concrete path
C is determined by the signs of the mass gaps of Dirac
fermions on the surface of the CS TI. In our system, the
mass gaps are generated by the chiral-symmetry break-
ing field induced by the CSB trivial insulator at the sur-
face [15]. Here, we consider the case that the sign of the
chiral-symmetry breaking field, and hence, that of the
induced mass gaps are uniform on the interface between
the CS TI and the CSB trivial insulator. More precisely,
the Hamiltonian HCSB(k) satisfying the this condition is
generally expressed as HCSB(k) = H0(k) + α(k)Γ where

FIG. 1: Heterostructure composed of a CS TI (or a CS TSC)
and trivial insulators (or superconductors) with Hamiltonian
H = ±Γ. Arrows represent chiral gapless modes at the inter-
face edge (a) or the line defect (b)

α(k) > 0 (or < 0) for any k, and Γ is the chiral symmetry
operator mentioned before, and H0(k) does not generate
mass gaps of the surface Dirac fermions. It is noted that
Γ itself plays the role of a chiral-symmetry breaking field.
Then the winding number N3 for H(k) and the magneto-
electric polarization P3(z) for the adiabatic Hamiltonian
H̃(k, z) satisfies the following relation,

∫ z1

z0,C

dP3(z) = ±
N3

2
. (4)

This relation is one of our central findings. Eq.(4)
is proved as follows. Since the magnetoelectric polar-
ization of the CS TI with the winding number N3 is
P3 = N3

2 mod 1, the value of P3(z = z0) is fixed by
chiral symmetry. Also, as mentioned above, the value of
P3(z = z1) in the CSB trivial insulator is fixed to be zero.
Due to these fixed boundary values,

∫ z1
z0,C

dP3(z) is adia-
batically invariant, which means that this quantity is not
changed unless the energy gap between the ground state
and first excited state closes. Thus, we can deform H̃ to
a flat band system : H̃2 = 1. Note that HCSB(k) men-
tioned above is deformed to HCSB = ±Γ without closing
the energy gap. Then, the adiabatically equivalent class
of flat band Hamiltonian H̃ is given by

H̃(k, θ) = cos θQ(k)± sin θΓ, (5)

where Q(k) = 1 − 2P (k), and P (k) is a projection
to the occupied bands of H(k), and θ monotonically
changes from θ = 0 to θ = π/2, as z changes from z0
to z1. It is straightforward to show dP3

dθ
= 1

8π2 trF2 =

± 1
64π2 tr

[

ΓQ (dkQ)3
]

∧ cos3 θdθ. Thus, with the expres-

sion for the winding number in 2n+1 spatial dimensions
[16],

N2n+1 =
(−1)n

(2πi)n+12n+1(2n+ 1)!!

∫

tr ΓQ (dQ)2n+1 ,

(6)

we arrive at Eq.(4).
Using Eqs.(4) and (3) together, we can readily obtain

the remarkable result that the winding number N3 can
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of the fermionic atom with pseudospin ! ¼ ð"; #Þ at site
i ¼ ðix; iyÞ, and c s the gap function. x̂ (ŷ) is a basic
lattice vector along the x (y) axis. H SO is an effective
Rashba type SO interaction [19]. We will discuss later the
method of generating the Rashba SO interaction for neutral
atoms via laser fields. We also introduce the chemical
potential " and the Zeeman term induced by a magnetic
field h. In the momentum space, the Hamiltonian is recast
into H ¼ 1

2

P
kðcyk ; c$kÞH ðkÞðck; cy$kÞT with cyk ¼

ð1=
ffiffiffiffi
V

p
ÞPie

ikiðcyi"; cyi#Þ, and

H ðkÞ ¼ #k $ h!z þ gk & ! ic s!y

$ic s!y $#k þ h!z þ gk & !'

" #
;

(2)

where #k ¼ $2tðcoskx þ coskyÞ $", gk ¼ 2$ðsinky;
$ sinkxÞ, and ! ¼ ð!x;!yÞ the Pauli matrices.

As mentioned in the introduction, the non-Abelian to-
pological order is characterized by the existence of gapless
chiral edge states propagating only in one direction and the
existence of the non-Abelian anyons [5]. The former is also
associated with the nonzero Chern number [20]. In the
following, we demonstrate that these features are indeed
realized in the system (1) when a certain relation among",
h, and c s holds [Eq. (5) below].

A key observation of our analysis is that the Hamiltonian
H ðkÞ is unitary equivalent to the following ‘‘dual’’
Hamiltonian H DðkÞ,

H DðkÞ ¼ c s $ h!z $i#k!y $ igk & !!y

i#k!y þ igk!y! $c s þ h!z

" #
;

(3)

with the unitary transformation

H DðkÞ ¼ DH ðkÞDy; D ¼ 1ffiffiffi
2

p 1 i!y
i!y 1

" #
: (4)

From Eq. (3), it is found that the Rashba SO interaction
gk & ! in the original HamiltonianH ðkÞ is formally trans-
formed into a ‘‘p-wave SF gap’’ with the d vector, dD

k (

$gk, in the dual Hamiltonian H DðkÞ. However, this does
not necessarily mean that the topological properties of
H ðkÞ are the same as those of a p-wave SF, since
H DðkÞ has a nonstandard constant kinetic term #Dk (
c s. A similar p-wave SF state with a constant kinetic
energy term was considered before in the context of the
quantum-Hall effect (QHE) state [5]. An important feature
of (3) is that the topological order emerges when ", h, and
c s satisfy

c 2
s þ #ð0; 0Þ2 < h2 < c 2

s þ #ð%; 0Þ2; (5)

with #ðkx; kyÞ ( #k. Here note that although the condition
(5) implies the Zeeman energy larger than the BCS gap c s,
the superfluidity is stable when $ ) h [21]. This stability
is specific to neutral atomic systems. For electron systems,
such large magnetic fields usually destroy superconductiv-
ity via an orbital depairing effect.
Let us first examine edge states in our model. Figure 1

illustrates the energy bands obtained by diagonalizing the
lattice Hamiltonian (1) with the open boundaries at ix ¼ 0,
L for various h. Here we have taken the periodic boundary
condition in the y direction, and ky 2 ½$%;%+ is the lattice
momentum in the y direction. By increasing h from zero
adiabatically, it is found that the bulk energy gap closes at

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2

s þ #ð0; 0Þ2
p

[Fig. 1(b)], then, for h satisfying (5),
a gapless edge mode with a linear dispersion E, cky (E,
$cky) localized on the one edge (the other edge) appears
between the bulk energy gap [Fig. 1(c)]. This chiral edge
state is stable against any weak local perturbations pro-
vided that there exists the nonzero Chern number; i.e., the
topological number equivalent to the total number of gap-
less chiral edge modes, which was first introduced in the
case of the QHE states [20]. We calculated the Chern
number Q for H ðkÞ or equivalently H DðkÞ. [Since the
Chern number is calculated from the Berry curvature in the
momentum space, it is not affect by the unitary transfor-
mation D which is independent of k, ensuring the topo-
logical equivalence between (2) and (3).] We found that
Q ¼ 1 when the condition (5) is satisfied [22]. This is
consistent with the numerical results for edge states shown
above.
We now demonstrate that there exist the non-Abelian

anyons in our system. For this purpose, we solve the
Bogoliubov–de Gennes (BdG) equation for a single vortex:
If there exists a single Majorana fermion zero mode for
each vortex, vortices obey the non-Abelian statistics [5,6].
We use the dual Hamiltonian H D to solve the BdG equa-
tion, then construct a solution in the original Hamiltonian
H by using the duality transformation (4). For simplicity,
we assume #ð0; 0Þ ¼ 0 for the time being. Then, low-
energy properties are governed by fermions on the Fermi
surface, which is split into jkj, 0 and jkj, $=t by the SO
interaction, but the larger Fermi surface (jkj, $=t) can be
neglected for the zero mode [22]. Thus, we concentrate on
fermions with k - ð0; 0Þ, for whichH DðkÞ is decomposed

a) b) c)
E E E

ky ky ky-π -π -ππ π π

FIG. 1 (color online). The band energy of the lattice
Hamiltonian (1) with edges at ix ¼ 0 and ix ¼ 50 ð¼ LÞ. Here
ky 2 ½$%;%+ denotes the momentum in the y direction. We set
t ¼ 1, " ¼ $4, $ ¼ 0:5, and c ¼ 0:5. h are (a) h ¼ 0,
(b) h ¼ 0:5, (c) h ¼ 0:8. The red thin line indicates a gapless
chiral edge mode localized on the one side and green thick line a
gapless chiral edge mode on the other side. They appear forffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2 þ #ð0; 0Þ2

p
< h<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2 þ #ð0;%Þ2

p
.
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To deal with spatially varying heterostructure systems,
we utilize an adiabatic approach. That is, as long as
there is a finite energy gap which separates the ground
state and the first excited states, the interface struc-
ture can be smoothly deformed to the slowly varying
one. In the slowly varying structure, the position op-
erator ẑ in the Hamiltonian can be treated as a parame-
ter (adiabatic parameter) independent of 3D momentum
k, which parametrizes the spatial inhomogeneity of the
heterostructure. Then, the magnetoelectric polarization
P3(z) is constructed from the adiabatic Hamiltonian of
the heterostructure system, H̃(k, z). H̃(k, z) interpolates
between the bulk Hamiltonian of the CS TI, H(k), and
that of the CSB trivial insulator, HCSB(k), when z is
varied; i.e. H̃(k, z) = H(k) when z is a point in the
bulk of the CS TI, and H̃(k, z) = HCSB(k) when z in the
bulk of the CSB trivial insulator. The adiabatic approach
was exploited before to derive electromagnetic responses
of the TRI Z2 TIs from the axion field theory [3, 14].
Our strategy is to extend the adiabatic argument for the
Z2 non-triviality to the Z nontrivial electromagnetic re-
sponses. We, first consider the quantum anomalous Hall
effect. We note that in the heterostructure junction sys-
tem, the anomalous Hall effect caused by surface Dirac
fermions is obtained by integrating z-direction under a
z-independent electromagnetic field,

Ssurf [A(t, x, y)]

=
e2

2π!c

(
∫ z1

z0,C

dz
dP3(z)

dz

)
∫

dtd2xϵµνρAµ∂νAρ.
(2)

Here z0 (z1) is a point in the CS TI (CSB trivial in-
sulator), and C is a path of z-integral. Hence the Hall
conductivity is given by,

σH =
e2

2π!

∫ z1

z0,C

dz
dP3(z)

dz
=

e2

h

∫ z1

z0,C

dP3(z). (3)

There are two important remarks. First, although the
magnetoelectric polarization P3 is gauge-invariant only
for mod 1, the line integral of a small difference of P3(z) is
fully gauge-invariant. Second, σH is determined not only
by the bulk magnetoelectric polarization at the point z0
and that at the point z1, but also by a homologous equiv-
alence class of the path C. This means that σH depends
on the microscopic structure of the interface, and is not
protected solely by the bulk topology. The concrete path
C is determined by the signs of the mass gaps of Dirac
fermions on the surface of the CS TI. In our system, the
mass gaps are generated by the chiral-symmetry break-
ing field induced by the CSB trivial insulator at the sur-
face [15]. Here, we consider the case that the sign of the
chiral-symmetry breaking field, and hence, that of the
induced mass gaps are uniform on the interface between
the CS TI and the CSB trivial insulator. More precisely,
the Hamiltonian HCSB(k) satisfying the this condition is
generally expressed as HCSB(k) = H0(k) + α(k)Γ where

FIG. 1: Heterostructure composed of a CS TI (or a CS TSC)
and trivial insulators (or superconductors) with Hamiltonian
H = ±Γ. Arrows represent chiral gapless modes at the inter-
face edge (a) or the line defect (b)

α(k) > 0 (or < 0) for any k, and Γ is the chiral symmetry
operator mentioned before, and H0(k) does not generate
mass gaps of the surface Dirac fermions. It is noted that
Γ itself plays the role of a chiral-symmetry breaking field.
Then the winding number N3 for H(k) and the magneto-
electric polarization P3(z) for the adiabatic Hamiltonian
H̃(k, z) satisfies the following relation,

∫ z1

z0,C

dP3(z) = ±
N3

2
. (4)

This relation is one of our central findings. Eq.(4)
is proved as follows. Since the magnetoelectric polar-
ization of the CS TI with the winding number N3 is
P3 = N3

2 mod 1, the value of P3(z = z0) is fixed by
chiral symmetry. Also, as mentioned above, the value of
P3(z = z1) in the CSB trivial insulator is fixed to be zero.
Due to these fixed boundary values,

∫ z1
z0,C

dP3(z) is adia-
batically invariant, which means that this quantity is not
changed unless the energy gap between the ground state
and first excited state closes. Thus, we can deform H̃ to
a flat band system : H̃2 = 1. Note that HCSB(k) men-
tioned above is deformed to HCSB = ±Γ without closing
the energy gap. Then, the adiabatically equivalent class
of flat band Hamiltonian H̃ is given by

H̃(k, θ) = cos θQ(k)± sin θΓ, (5)

where Q(k) = 1 − 2P (k), and P (k) is a projection
to the occupied bands of H(k), and θ monotonically
changes from θ = 0 to θ = π/2, as z changes from z0
to z1. It is straightforward to show dP3

dθ
= 1

8π2 trF2 =

± 1
64π2 tr

[

ΓQ (dkQ)3
]

∧ cos3 θdθ. Thus, with the expres-

sion for the winding number in 2n+1 spatial dimensions
[16],

N2n+1 =
(−1)n

(2πi)n+12n+1(2n+ 1)!!

∫

tr ΓQ (dQ)2n+1 ,

(6)

we arrive at Eq.(4).
Using Eqs.(4) and (3) together, we can readily obtain

the remarkable result that the winding number N3 can
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of the fermionic atom with pseudospin ! ¼ ð"; #Þ at site
i ¼ ðix; iyÞ, and c s the gap function. x̂ (ŷ) is a basic
lattice vector along the x (y) axis. H SO is an effective
Rashba type SO interaction [19]. We will discuss later the
method of generating the Rashba SO interaction for neutral
atoms via laser fields. We also introduce the chemical
potential " and the Zeeman term induced by a magnetic
field h. In the momentum space, the Hamiltonian is recast
into H ¼ 1

2

P
kðcyk ; c$kÞH ðkÞðck; cy$kÞT with cyk ¼

ð1=
ffiffiffiffi
V

p
ÞPie

ikiðcyi"; cyi#Þ, and

H ðkÞ ¼ #k $ h!z þ gk & ! ic s!y

$ic s!y $#k þ h!z þ gk & !'

" #
;

(2)

where #k ¼ $2tðcoskx þ coskyÞ $", gk ¼ 2$ðsinky;
$ sinkxÞ, and ! ¼ ð!x;!yÞ the Pauli matrices.

As mentioned in the introduction, the non-Abelian to-
pological order is characterized by the existence of gapless
chiral edge states propagating only in one direction and the
existence of the non-Abelian anyons [5]. The former is also
associated with the nonzero Chern number [20]. In the
following, we demonstrate that these features are indeed
realized in the system (1) when a certain relation among",
h, and c s holds [Eq. (5) below].

A key observation of our analysis is that the Hamiltonian
H ðkÞ is unitary equivalent to the following ‘‘dual’’
Hamiltonian H DðkÞ,

H DðkÞ ¼ c s $ h!z $i#k!y $ igk & !!y

i#k!y þ igk!y! $c s þ h!z

" #
;

(3)

with the unitary transformation

H DðkÞ ¼ DH ðkÞDy; D ¼ 1ffiffiffi
2

p 1 i!y
i!y 1

" #
: (4)

From Eq. (3), it is found that the Rashba SO interaction
gk & ! in the original HamiltonianH ðkÞ is formally trans-
formed into a ‘‘p-wave SF gap’’ with the d vector, dD

k (

$gk, in the dual Hamiltonian H DðkÞ. However, this does
not necessarily mean that the topological properties of
H ðkÞ are the same as those of a p-wave SF, since
H DðkÞ has a nonstandard constant kinetic term #Dk (
c s. A similar p-wave SF state with a constant kinetic
energy term was considered before in the context of the
quantum-Hall effect (QHE) state [5]. An important feature
of (3) is that the topological order emerges when ", h, and
c s satisfy

c 2
s þ #ð0; 0Þ2 < h2 < c 2

s þ #ð%; 0Þ2; (5)

with #ðkx; kyÞ ( #k. Here note that although the condition
(5) implies the Zeeman energy larger than the BCS gap c s,
the superfluidity is stable when $ ) h [21]. This stability
is specific to neutral atomic systems. For electron systems,
such large magnetic fields usually destroy superconductiv-
ity via an orbital depairing effect.
Let us first examine edge states in our model. Figure 1

illustrates the energy bands obtained by diagonalizing the
lattice Hamiltonian (1) with the open boundaries at ix ¼ 0,
L for various h. Here we have taken the periodic boundary
condition in the y direction, and ky 2 ½$%;%+ is the lattice
momentum in the y direction. By increasing h from zero
adiabatically, it is found that the bulk energy gap closes at

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2

s þ #ð0; 0Þ2
p

[Fig. 1(b)], then, for h satisfying (5),
a gapless edge mode with a linear dispersion E, cky (E,
$cky) localized on the one edge (the other edge) appears
between the bulk energy gap [Fig. 1(c)]. This chiral edge
state is stable against any weak local perturbations pro-
vided that there exists the nonzero Chern number; i.e., the
topological number equivalent to the total number of gap-
less chiral edge modes, which was first introduced in the
case of the QHE states [20]. We calculated the Chern
number Q for H ðkÞ or equivalently H DðkÞ. [Since the
Chern number is calculated from the Berry curvature in the
momentum space, it is not affect by the unitary transfor-
mation D which is independent of k, ensuring the topo-
logical equivalence between (2) and (3).] We found that
Q ¼ 1 when the condition (5) is satisfied [22]. This is
consistent with the numerical results for edge states shown
above.
We now demonstrate that there exist the non-Abelian

anyons in our system. For this purpose, we solve the
Bogoliubov–de Gennes (BdG) equation for a single vortex:
If there exists a single Majorana fermion zero mode for
each vortex, vortices obey the non-Abelian statistics [5,6].
We use the dual Hamiltonian H D to solve the BdG equa-
tion, then construct a solution in the original Hamiltonian
H by using the duality transformation (4). For simplicity,
we assume #ð0; 0Þ ¼ 0 for the time being. Then, low-
energy properties are governed by fermions on the Fermi
surface, which is split into jkj, 0 and jkj, $=t by the SO
interaction, but the larger Fermi surface (jkj, $=t) can be
neglected for the zero mode [22]. Thus, we concentrate on
fermions with k - ð0; 0Þ, for whichH DðkÞ is decomposed

a) b) c)
E E E

ky ky ky-π -π -ππ π π

FIG. 1 (color online). The band energy of the lattice
Hamiltonian (1) with edges at ix ¼ 0 and ix ¼ 50 ð¼ LÞ. Here
ky 2 ½$%;%+ denotes the momentum in the y direction. We set
t ¼ 1, " ¼ $4, $ ¼ 0:5, and c ¼ 0:5. h are (a) h ¼ 0,
(b) h ¼ 0:5, (c) h ¼ 0:8. The red thin line indicates a gapless
chiral edge mode localized on the one side and green thick line a
gapless chiral edge mode on the other side. They appear forffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2 þ #ð0; 0Þ2

p
< h<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c 2 þ #ð0;%Þ2

p
.
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